The objective of this study is to evaluate the effect of hydroxyapatite (HAP) nanoparticles with different surface charges on the cellular uptake behavior and in vitro cell viability and proliferation of MC3T3-E1 cell lines (osteoblast). The nanoparticles' surface charge was varied by surface modification with two carboxylic acids: 12-aminododecanoic acid (positive) and dodecanedioic acid (negative). The untreated HAP nanoparticles and dodecanoic acid modified HAP nanoparticles (neutral) were used as the control. X-ray diffraction (XRD) revealed that surface modifications by the three carboxylic acids did not change the crystal structure of HAP nanoparticles; Fourier transform infrared spectroscopy (FT-IR) confirmed the adsorption and binding of the carboxylic acids on the HAP nanoparticles' surfaces; and zeta potential measurement confirmed that the chemicals successfully modified the surface charge of HAP nanoparticles in water based solution. Transmission electron microscopy (TEM) images showed that positively charged, negatively charged and untreated HAP nanoparticles, with similar size and shape, all penetrated into the cells and cells had more uptake of HAP nanoparticles with positive charge compared to those with negative charge, which might be attributed to the attractive or repulsive interaction between the negatively charged cell membrane and positively/negatively charged HAP nanoparticles. The neutral HAP nanoparticles could not penetrate the cell membrane due to their larger size. MTT assay and LDH assay results indicated that as compared with the polystyrene control, greater cell viability and cell proliferation were measured on MC3T3-E1 cells treated with the three kinds of HAP nanoparticles (neutral, positive, and untreated), among which positively charged HAP nanoparticles showed the strongest improvement for cell viability and cell proliferation. In summary, the surface charge of HAP nanoparticles can be modified to influence the cellular uptake of HAP nanoparticles and the different uptake also influences the behavior of cells. These in vitro results may also provide useful information for investigations of HAP nanoparticle applications in gene delivery and intracellular drug delivery.
Introduction
With unique physical, chemical, and biological properties, nanoparticles, with diameters in the 1-100 nm range, have been used in numerous physical, biomedical, and pharmaceutical fields [1] [2] [3] [4] . There exists great interest in applications and the environmental and health impact of a variety of nanomaterials, such as carbon nanotubes [5] , silica nanoparticles [6] , fullerene [7, 8] , magnetic nanoparticles [9] , etc. In particular, nanoparticles are believed to have the potential to assist in delivering drugs or genetic materials to targeted cells or organs and make the therapeutic delivery procedures more precise, more effective, and less harmful to healthy tissues and organs [10] . Most of the current research on drug and gene delivery using nanomaterials focuses on polymer nanoparticles, such as polyethylenimine (PEI) [11] , chitosan [12] , and polyglycolic acid (PLGA) [13] [14] [15] . Metal and ceramic nanoparticles, such as Au nanoparticles [16] [17] [18] , iron oxide [17, 19, 20] , and silica nanoparticles [10, 21] have also been studied for drug and gene delivery.
Hydroxyapatite (HAP), the primary inorganic component of bone and teeth, has been widely used in many biomedical fields such as dental composites [22] , bone tissue engineering [9] , orthopedic implants [23, 24] and antibacterial agents [25] for its chemical and structural similarity with bone minerals and good biocompatibility. Recently, more efforts have been made to explore the potential of using HAP nanoparticles as vehicles for drug and gene delivery for their great affinity to DNA and various drugs and good release property [2, 10, [26] [27] [28] . Because gene delivery and intracellular drug delivery using HAP nanoparticles are dependent on cellular uptake, the understanding of the interaction of HAP nanoparticles with cells is critical for fundamental design of the nanoparticles for these gene delivery and drug delivery applications [29] . It is well known that size, shape, and surface charge are the primary parameters of colloidal particles for cellular uptake besides biomolecular approaches, such as using peptide. Motskin et al recently reported that less negatively charged (closer to neutral) and rod-like HAP nanoparticles have an appreciable advantage over spherical shape nanoparticles in terms of cellular uptake [30] . Gao et al [31] proposed a theoretical model on the receptor-mediated endocytosis process and gave an optimal radius of ∼27-30 nm for spherical particles for highest cellular uptake, which is in good agreement with many cellular uptake experimental results. Tang et al [32] synthesized a series of spherical HAP nanoparticles with well defined sizes and revealed that, in both mesenchymal stem cells (MSC) and osteosarcoma cells (U2OS), the amount of uptaken HAP nanoparticles decreased with the increase in particle size. Besides cellular uptake, the toxicity of nanoparticles has to be investigated for gene or drug delivery applications as well. Previous studies have shown that the HAP nanoparticles, normally non-toxic, can also cause cell damage in vitro similar to other nanomaterials [28, 33, 34] . It was found that spherical HAP nanoparticles showed more favorable biocompatibility than rod-like HAP nanoparticles for osteoblasts [35] . Tang's paper [32] reported that the HAP nanoparticles have an adverse effect on cell proliferation for MSC and U2OS cells and the particle size also plays an important role on the cell proliferation process. All the previous studies indicate that a better understanding of the effects of surface charge on cellular uptake and biocompatibility of HAP nanoparticles is very helpful for the fundamental design of HAP nanoparticles for biomedical applications such as drug and gene delivery. HAP nanoparticles have been functionalized by various chemicals in order to effectively break down the nanoparticle agglomerates, achieve uniform dispersion in solvent or matrix, form good interfacial bonding with the matrix for better composite mechanical properties, and couple with therapeutic molecules. HAP nanoparticles after grafting with poly(L-lactide) (PLA) [36, 37] and poly(έ-caprolactone) (PCL) [38] can be more uniformly dispersed in the solvent and have better colloidal stability in one step of HAP nanoparticle reinforced (HAP-PLA) composite fabrication. HAP-PLA nanocomposites containing surface modified HAP nanoparticles have enhanced mechanical properties compared to composites containing as-fabricated HAP nanoparticles. Shi et al [39] successfully conjugated quantum dots with HAP nanoparticles and such nanoparticles exhibited promising luminescent emission in vitro and in vivo, which may have potential applications as biomarkers. In addition, fatty acid (stearic acid) [40] , therapeutic molecules [41] , pyrophosphoric acid [42] , some functional polymers and small organic molecules [43] were also studied to modify the surface of HAP nanoparticles.
In this study, three different carboxylic acid compounds with very similar molecular structure except for one functional group (amine group, carboxyl group, or methyl group) were selected and grafted on HAP nanoparticles to provide different nanoparticle surface charges, while keeping other properties unchanged, in order to systematically investigate the influence of surface charge with minimum interference from other factors. The in vitro investigation was conducted using osteoblast cells (MC3T3-E1) and a quantitative evaluation of the effect of the surface charge of HAP nanoparticles on cellular uptake and cell proliferation of such cells was carried out.
Materials and methods

Synthesis of HAP nanoparticles
A 300 ml solution with calcium/phosphorus (Ca/P) ratio of ∼1.67 was prepared with 60 mmol (14.17 g, 0.2 mol l −1 ) of Ca(NO 3 ) 2 ·4H 2 O and 36 mmol (5.62 g, 0.12 mol l −1 ) of NaH 2 PO 4 ·2H 2 O in 300 ml of deionized water. The solution was stirred vigorously and heated to 85
• C and then 300 ml of concentrated ammonium hydroxide solution (28-30% NH 3 ·H 2 O) was quickly added to the solution, which immediately induced nanoparticle precipitation. The mixture was held at 85
• C for approximately 24 h to ensure a complete conversion of the starting material to hydroxyapatite. The mixture was then cooled to room temperature and the solid material was settled in the container. Excess liquid was decanted off, and fresh deionized water was added. The mixture was then stirred briefly before allowing the solid to settle and decanting once again. The dilution and decanting process was repeated until the pH value of the mixture was below 9. In this study, these as-fabricated HAP nanoparticles without surface modification are referred to as untreated HAP nanoparticles.
Synthesis of surface modified HAP nanoparticles
The same approach was used as in section 2.1 to trigger the nanoparticle precipitation in solution. One minute after adding the ammonium hydroxide solution, which triggered the precipitation, 2.625 mmol (0.0044 mol l −1 ) of the desired carboxylic acid compound (either 12-aminododecanoic acid (0.565 g), dodecanedioic acid (0.604 g), or dodecanoic acid (0.526 g)) was added, which could result in amine group, carboxyl group, or methyl group, respectively on the nanoparticle surface. The amount of carboxylic acid compounds corresponds to 1 mmol of organic compound per 1 g of hydroxyapatite. The mixture was stirred for an additional 15 min before being placed in an oven at 95
• C. Once the product was completely dried, it was collected and placed in a centrifuge tube. The product was rinsed with water and the solid was collected by centrifugation. The rinsing and centrifugation were repeated two more times. Next, cyclohexane, replacing water, was used to rinse the solid in the same manner. The rinsed material was again thoroughly dried in an oven at 95
• C.
Characterization of nanoparticles
Fourier transform infrared spectroscopy (FT-IR).
Fourier transform infrared spectroscopy (Thermo Nicolet, Madison, Wisconsin, USA) was used to characterize the functional groups of untreated and surface modified HAP nanoparticles. For each spectrum, 16 scans between the wavenumbers of 4000 and 400 cm −1 were recorded in the transmission mode by a potassium bromide method.
Zeta potential measurement.
The zeta potential of the HAP nanoparticles was determined in phosphate buffered solution (PBS) with pH 7.4 using Zeta meter 3.0+ (Zeta-Meter Inc., Staunton, Virginia, USA).
Powder x-ray diffraction (XRD)
. XRD experiments were performed within a 2θ range of 20
• -60
• on a Scintag Pad V x-ray diffractometer with Cu Kα radiation (1.54Å) and a Ni filter. Scans of bulk powders were run at 40 kV and 35 mA.
Transmission electron microscopy (TEM)
. TEM (JEOL-1400 TEM, USA) was used to investigate the morphology of hydroxyapatite nanoparticles at an acceleration voltage of 100 kV.
Cell culture
Cell studies were performed with the MC3T3-E1 cell line purchased from American Type Culture Collection (Manassas, Virginia, USA). Cells were maintained in modified alpha minimum essential medium (α-MEM) lacking ascorbic acid (AA) (GIBCO), supplemented with 10% fetal bovine serum (FBS) and incubated in a humidified atmosphere at 37
• C and with 5% CO 2 . The HAP nanoparticles were sterilized in an autoclave at 121
• C for 60 min before cell culture.
MTT assay.
The MTT assay is a simple but very useful tool for evaluating cell vitality and proliferation. The key component is 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra zolium bromide (MTT). Mitochondrial dehydrogenases of living cells reduce the tetrazolium ring, yielding a blue formazan product, which can be measured spectro-photometrically. The amount of formazan produced is proportional to the number of viable cells present. For HAP nanoparticle study, cells were lifted with 0.05 wt% trypsin/EDTA (Invitrogen), seeded into 48-well culture plates at 10 000 cells per well with 0.5 ml growth medium, and allowed to attach overnight.
The following day, the growth medium in each well was replaced with the medium supplemented with HAP nanoparticles at different concentrations or different types of HAP nanoparticles. After three more days or seven more days of culture with HAP nanoparticles, the culture medium in the wells was displaced with MTT solution (0.5 mg ml −1 in α-MEM without FBS). After an incubation of 4 h at 37
• C, the liquid was aspirated and the insoluble formation produced was dissolved in DMSO/ethanol (DMSO:ethanol = 1:1) solution. The optical densities were measured at 540 nm (Fusion™ alpha microplate analyzer, A Packard BioScience Company).
LDH assay.
Lactate dehydrogenase (LDH) activity in the cell medium was determined using a commercial LDH kit (Cayman Chemical Company, Ann Arbor, MI, USA). LDH is a soluble enzyme located in the cytosol. The enzyme is released into the surrounding culture medium upon cell damage or cell lysis, processes that occur during both apoptosis and necrosis. LDH activity, therefore, can be used as an indicator of cell membrane integrity, and thus a measurement of cytotoxicity. One hundred microliters of cell medium were used for LDH analysis. Absorbance was measured at 490 nm (Fusion™ alpha microplate analyzer, A Packard BioScience Company). All the procedures are based on the protocols from the Cayman Chemical Company.
Biological transmission electron microscopy.
Briefly, at the end of three days of incubation, the cells were prefixed with 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer, post-fixed with 1% osmium tetroxide, enbloc stained with 1% aqueous uranyl acetate, dehydrated with a series of alcohols and infiltrated with resin, polymerized with resin at the coldspot. The resin samples were thin-sectioned by Leica Ultracut UCT ultramicrotomes to prepare TEM samples. Then, the TEM samples were investigated by the transmission microscope (JEOL-1400) at an acceleration voltage of 100 kV.
Statistical analysis
The data are presented as the mean ± standard error of mean (SEM) for the indicated number of separate experiments. Statistical analysis of data was performed with one-way analysis of variance (ANOVA) and P-values less than 0.05 were considered significant. 
Results and discussion
Modification of HAP nanoparticle surface
In the present study, we intend to evaluate the effect of surface charge on the cellular uptake and biocompatibility of HAP nanoparticles. For systematic study of the surface charges, the surface modification was performed using three different schemes as shown in scheme 1. In reaction class I, the surface hydroxyl groups on HAP reacted with the carboxylic group on 12-aminododecanoic acid and the amine on the other terminal will be protonated in the PBS solution at pH 7.4 to form NH + 3 with positive charge. In reaction class II, the carboxylic group on dodecanedioic acid reacted with hydroxyl groups to form HAP nanoparticles with the carboxylic group on the surface. The terminal carboxylic group dissociated to protons and negatively charged COO − in PBS solution at pH 7.4. For reaction class III, the surface hydroxyl groups reacted with the carboxylic group in the dodecanoic acid to form HAP nanoparticles with the CH 3 group on the terminal, which can be considered as the neutral HAP nanoparticles in the PBS solution.
Surface modification should be an event occurring only at the HAP surface. Once the state of the bulk properties such as crystallinity and the crystalline phase has been changed by the chemical reaction, the as-fabricated HAP nanoparticles may change their intrinsic properties. The XRD patterns in figure 1 indicate that both the untreated nanoparticles and modified nanoparticles have the characteristic peak at 2θ regions of 26
• , 29
• , 32
• , which are consistent with the HAP phase (ICDD 09-432). Our results suggested that the selected reactions are on the HAP surface and the intrinsic properties of HAP, especially the crystalline structure, are maintained.
The transmission electron microscope (TEM) images showed the size distribution and morphology of as-prepared HAP nanoparticles (figure 2). Compared to the untreated HAP nanoparticles, no significant difference in size or morphology was observed on the HAP nanoparticles modified with 12-aminododecanoic acid (positive) and dodecanedioic acid (negative). However, the HAP nanoparticle size increased from 100 nm in length, 20 nm in diameter to about 150 nm in length and 50 nm in diameter after the surface modification with dodecanoic acid (neutral). Although the reason for the size difference is not very clear, we speculate that dodecanoic acid plays a role in influencing the nucleation and growth of HAP nanoparticles. A different synthesis approach that separates the HAP nanoparticle fabrication from the dodecanoic acid treatment was tried, but it yielded HAP nanoparticles with significant agglomeration with the aggregate size over a few micrometers.
FT-IR spectroscopy is an effective tool to investigate the functional group on the molecular level. The infrared bands of untreated HAP and as-modified HAP nanoparticles are shown in figure 3 . The absorption band at about 3570 cm shows the carbonate group in the HAP structure. These are all the major characteristic bands of HAP. The broad absorption band from 3600 to 3300 cm −1 indicates the existence of the bending mode of absorbed water in the samples. There are very strong absorption bands at 2927 and 2851 cm −1 on all the surface modified HAP nanoparticles' FT-IR spectra, which are due to the stretching mode of CH 3 or CH 2 groups from the corresponding fatty acid or derivatives. In addition, all the modified HAP nanoparticles have an absorption band on 1635 cm −1 , which can be ascribed to antisymmetric stretching vibration of COOCa from the interaction between COOH and Ca 2+ . The spectrum of 12-aminododecanoic acid modified HAP nanoparticles ( figure 3(a) ) has two sharp bands at about 3610 cm −1 , the stretching mode of the amine group (−NH 2 ), indicative of the existence of 12-aminododecanoic acid molecules on the surface of the HAP nanoparticles. Moreover, the amine group also exhibits a medium absorption band at 1550 cm −1 for the bending mode. Besides the above mentioned bands, the spectrum in figure 3(b) (dodecanedioic acid) has a medium absorption band at 1570 cm −1 , ascribed to the COOH group on the terminal.
Zeta potential measurement was used to determine whether the proposed modifications can generate different surface charged HAP nanoparticles. It can be observed from figure 4 that the HAP nanoparticles modified with 12-aminododecanoic (positively charged HAP) have a zeta potential of 48.6 ± 5.2 mV in the PBS solution at pH 7.4. The untreated HAP nanoparticles, HAP nanoparticles modified with dodecanedioic acid (negatively charged HAP) and dodecanoic acid (neutral HAP) all have negative zeta potentials, −11.7 ± 0.7 mV, −28.3 ± 3.9 mV, −11.4 ± 2.5 mV, respectively, in PBS solution at pH 7.4. The values for untreated HAP nanoparticles and neutral HAP nanoparticles are consistent with previous studies by other researchers. Tang et al reported that the zeta potential of HAP nanoparticles become more negative as the size increases; and the zeta potentials of HAP nanoparticles with sizes of 20 nm, 40 nm, and 80 nm are −4.1 ± 0.6 mV, −4.8 ± 0.2 mV and −6.0 ± 1.0 mV, respectively. As shown in figure 1 , the length of some HAP nanoparticles is larger than 100 nm, which is probably the reason why the untreated HAP and neutral HAP nanoparticles have zeta potential values lower than −6.0 mV. Based on the FT-IR and zeta potential data, the modifications in scheme 1 were confirmed to work well. For convenience, the 12-aminododecanoic modified, dodecanedioic acid modified and dodecanoic acid modified HAP nanoparticles are referred to as positively charged, negatively charged, and neutral HAP nanoparticles, respectively. We use the word 'neutral' mainly for simplicity of the description despite the actual negative charge of these nanoparticles in PBS solution.
In vitro tests
Cellular uptake is the critical step for gene delivery and intracellular drug delivery. Many studies have been focused on the cellular uptake behavior and mechanism of nanoparticles. It was believed that shape, size and surface charge influenced the cellular uptake behavior substantially [29, 30, 32, 44] . It was also reported that positively charged nanoparticles could penetrate into the cells more easily as the electronic potential of cell membrane is generally known to be negative [6, 14, 29] . The biological TEM images (figures 5(a) and (b)) showed that many nanoparticles were present in the vacuoles of the the neutral HAP nanoparticles with larger size could not be internalized into the MC3T3-E1 cell lines.
Other research results [6, 10] suggested that positively charged silica nanoparticles were easier to internalize into cells, which is in good agreement with our results. Motskin et al [30] also studied the uptake of negatively charged HAP nanoparticles of human monocyte-macrophage cells and found that the HAP nanoparticles with higher (less negative) zeta potential value showed greater uptake. Apparently, the zero uptake of neutral nanoparticles in MC3T3-E1 cells could not be explained only based on the hypothesis of influence of surface charge on cellular uptake, as the shape and size may also play a role in cellular uptake. As stated in section 3.1 (figure 4), the neutral HAP nanoparticles have a size of about 150 nm in length and 50 nm in diameter, which is much larger than the corresponding untreated, positively charged and negatively charged HAP nanoparticles of about 100 nm in length and 20 nm in diameter. Gao's receptor-mediated endocytosis study [31] suggests that, for a finite cell membrane, once the size of the particles exceeds the maximum radius, the wrapping process cannot be conducted owing to the limited number of receptors available to bind. Based on Gao's model, the rod-shape particle has a maximum wrapping size of 320 nm in length, beyond which no receptor-mediated endocytosis process may happen. Although Gao did not include the charge effects in his model, he suggested that negatively charged nanoparticles would have smaller optimal wrapping size as well as smaller maximum wrapping size due to the interaction with the cell membrane with negative charge [31] . The socalled neutral HAP nanoparticle actually has a zeta potential value of −11.4 ± 2.5 mV, which may lead to a maximum wrapping size less than 150 nm in length. This size effect and surface charge effect, combined, might be responsible for the zero uptake of neutral HAP nanoparticles in MC3T3-E1 cells. Considering that the untreated and neutral HAP nanoparticles have similar zeta potentials, the larger size might be the dominant reason for the zero uptake of neutral HAP nanoparticles.
Besides the cellular uptake behavior, the biocompatibility of HAP nanoparticles is also essential to evaluate for drug delivery, gene delivery and other biomedical applications. To date, no guideline is presently available to quantify the toxicity effects of nanoparticles. Since HAP is usually used as an artificial substitute material for bone regeneration, in this study, the biocompatibility of HAP nanoparticles was also investigated using osteoblast (MC3T3-E1 cell lines). The three day MTT assay results show that there were almost no significant differences between the control and HAP nanoparticle suspensions except for the dosage at 0.5 mg ml −1 .
This phenomenon can be explained by a required induction period for the MC3T3-E1 cell lines to adapt to the treatment with HAP nanoparticles before proliferation. After the induction period, MTT assay results showed that exposing cells to HAP nanoparticles for seven days substantially stimulated cell growth. Most of the previous studies [28, 30, [32] [33] [34] showed that HAP nanoparticles penetrated into the cells to cause cell damage and inhibit cell growth. The inhibiting effect typically increases with high concentration of HAP nanoparticles. Please note that none of the previous studies used the MC3T3-E1 cell line and they also used different concentrations. Thus, it is very encouraging to note that the addition of HAP nanoparticles can stimulate cell proliferation. The MTT results in figure 6 also demonstrated that 0.1 mg ml −1 has the highest absorbance values and at the concentrations of 0.05 and 1 mg ml −1 the MC3T3-E1 cells proliferated very well too. In order to study the effect of surface charge on biocompatibility, a concentration of 1 mg ml −1 was chosen for the following assay.
The three day MTT assay results of differently charged HAP nanoparticles ( figure 7) show that the negatively charged and neutral HAP nanoparticles have no significant differences from the control and untreated HAP nanoparticles. During the induction period, cells have to adapt to the calcium phosphate environment. However, the positively charged HAP nanoparticles can enhance the cell growth very well in three days. We hypothesize that the MC3T3-E1 cells cultured with positively charged HAP nanoparticles may have a shorter induction period than the cells with other HAP nanoparticles. From the seven day results, the absorbance values of positively charged HAP nanoparticles are significantly higher than both the control and untreated HAP nanoparticles. Compared to the control, untreated and neutral charged HAP nanoparticles could stimulate cell proliferation as well. No significant difference between the control and negatively charged samples was shown in either the three day or seven day MTT assay results. It is not clear how the higher cellular uptake of HAP nanoparticles, such as in the case of positively charged HAP nanoparticles, and simply adding HAP nanoparticles in cell culture medium without any cellular uptake, in the case of the larger size neutral HAP nanoparticles, are both related to improved cell proliferation.
LDH assay is a convenient method to evaluate the cell damage conditions according to the LDH release from cytosol of lysed cells. The three day LDH results (figure 8), are generally consistent with the MTT assay, showing that no significant difference exists in all the samples. After exposure to these nanoparticles for seven days, it was revealed that the absorbance values of the positive, negative and neutral LDH activities in the cell culture medium after three or seven days of exposure to the differently charged HAP nanoparticles at a dosage of 1 mg ml −1 . The polystyrene well without hydroxyapatite nanoparticles was used as the control. Data are presented as the average ± SD for n = 5. * indicates P < 0.05 relative to controls, # indicates P < 0.05 relative to untreated HAP nanoparticles.
HAP nanoparticles are much lower than the control wells, which means much less damage on the cell membrane. Especially for the negatively charged HAP nanoparticles, it is not only significantly lower than the control wells but also has substantial difference from untreated HAP nanoparticles.
Both the MTT and LDH assay results showed that HAP with different dosages and different surface charges can all enhance the cell proliferation and inhibit cell membrane damage for MC3T3-E1 cell lines, which is a very interesting and desirable phenomenon. From previous studies, the HAP nanoparticles were either toxic to cells or at least inhibited the growth of many cell lines such as microvascular endothelial cells [33] , hepatocellular carcinoma cells [45] , L929 mouse fibroblasts [34] , and osteosarcoma cells [32, 34] . Usually, such results can be explained by two possible mechanisms. Firstly, the uptake of HAP nanoparticles can result in cell damage and then inhibit cell proliferation and other properties. Secondly, the dissolution of HAP nanoparticles will increase the calcium and phosphate concentrations either inside or surrounding the cells, which may influence the cellular behavior. In our study, the LDH assay results illustrated that the internalization process of HAP nanoparticles results in less cell damage, which may contribute to better biocompatibility. The mechanism for the excellent biocompatibility of the HAP nanoparticle for MC3T3-E1 cells and how uptake of HAP nanoparticles reduces the cell membrane damage will require further systematic investigations.
It is well known that calcium phosphate is an attractive option for gene delivery in terms of its biodegradability, biocompatibility, convenience of handling and good affinity to pDNA [10, 27, 28] . However, inefficient cellular uptake, which could be attributed to the repulsive force between the negatively charged DNA and cell membrane, is still a key reason for the low level gene expression of calcium phosphate loaded pDNA [27, 46] . From the above results, positively charged HAP nanoparticles are very promising for the gene delivery application due to their superior biocompatibility and higher cellular uptake.
Conclusion
In summary, HAP nanoparticles with different surface charges and different sizes were synthesized and the influence of such HAP nanoparticles with different surface charges and sizes on cellular uptake behavior and biocompatibility of MC3T3-E1 cell lines was studied. The HAP nanoparticles with positive charge could be more easily uptaken by the MC3T3-E1 cell lines than other HAP nanoparticles of similar size due to the attractive interaction between positively charged HAP nanoparticles and the negative cell membrane. The size increase from 100 nm in length and 20 nm in diameter to 150 nm in length and 50 nm in diameter yields zero uptake of HAP nanoparticles. The HAP nanoparticles with different dosages, different charges, and different sizes could all enhance cell proliferation and result in less cell membrane damage for MC3T3-E1 cell lines. The positively charged HAP nanoparticles have better biocompatibility compared to the other HAP nanoparticles based on MTT and LDH assay. These results provide improved understanding of the influence of surface charge on functional properties of HAP nanoparticles for various biomedical applications, especially for gene delivery and intracellular drug delivery fields.
